Abstract Purpose: The mammalian target of rapamycin (mTOR) is a protein kinase that plays a key role in cellular growth and homeostasis. Because its regulation is frequently altered in tumors, mTOR is currently under investigation as a potential target for anticancer therapy. The purpose of our study was to determine the prognostic value of activated mTOR (p-mTOR) in patients with biliary tract adenocarcinoma (BTA), in order to strengthen the rationale for targeted therapy of BTA using mTOR inhibitors. Experimental Design: We determined expression of p-mTOR in paraffin-embedded surgical specimens of BTA by immunohistochemistry with a monoclonal antibody to phosphorylated mTOR. Overall survival was analyzed with a Cox model adjusted for clinical and pathologic factors. Results: Immunostaining for p-mTOR was positive in 56 of 88 (64%) tumors. Activated mTOR was not associated with any of the clinical or pathologic variables of the patients but predicted overall survival of the patients. Overall survival was significantly shorter in patients with p-mTORp ositive tumors as compared with patients with p-mTOR^negative tumors (hazard ratio for death 2.57; 95% confidence interval, 1.35-4.89; P = 0.004). Multivariate Cox proportional hazards regression analyses identified p-mTOR to be an independent prognostic factor for death (adjusted hazard ratio for death, 2.44; 95% confidence interval, 1.24-4.80; P = 0.01). Conclusions: Patients with BTA and p-mTOR^positive tumors have a significantly shorter overall survival than patients with p-mTOR^negative tumors and may benefit from targeted therapy with mTOR inhibitors in the future.
Adenocarcinoma of the biliary tract (BTA) is a rare disease and the prognosis of patients with this disease is poor. Despite improvements in diagnosis and surgery, overall survival even of patients who underwent complete resection of their carcinomas is short (1) . Due to the lack of characteristic early symptoms, a definitive diagnosis is often established only at an advanced stage in the majority of the patients (1) . Knowledge of molecular biomarkers associated with the prognosis of BTAs may help to devise new treatment strategies to improve clinical outcome.
A potential candidate biomarker is the mammalian target of rapamycin (mTOR), a Ser/Thr protein kinase which plays a key role in cellular growth and homeostasis (2, 3) . Its regulation is frequently altered in various tumors. mTOR is activated by phosphorylation through Akt via the phosphatidylinositol 3-kinase/AKT signaling pathway at Ser 2448 and by autophosphorylation at Ser 2481 (4, 5) . An important function of mTOR is the regulation of protein translation. It activates the eukaryotic translation initiation factor 4E (elF4E), which has been implicated in tumor development, and the p70 ribosomal S6 kinase. mTOR also participates in the inactivation of the eIF4E inhibitor, 4E-BP1. These events result in the translation of specific mRNA subpopulations. Because of its key function in cellular growth, mTOR is currently under investigation as a potential target for anticancer therapy (6) .
The purpose of the present study was to determine the prognostic value of activated mTOR (p-mTOR) in patients with BTA, in order to strengthen the rationale for targeted therapy of BTA using mTOR inhibitors.
Patients and Methods
Patients. One hundred and one consecutive patients with BTA who underwent complete (R 0 ) resection at the Department of Surgery, Medical University of Vienna, between 1993 and 2006 were identified from a database. Informed consent was obtained according to institutional guidelines. The study population consisted of patients with hilar, distal and intrahepatic cholangiocarcinoma, and gallbladder carcinoma. Clinical data of the patients were obtained from the database and supplemented with review of the medical record.
Thirty-eight patients (43%) were treated with chemotherapy (7 -9). Thirteen patients received gemcitabine monotherapy and 15 patients were treated with gemcitabine-based combination chemotherapy. Capecitabine monotherapy was given in two patients and two patients received capecitabine-based combination chemotherapy. Five patients were treated with 5-fluorouracil -based chemotherapy and one patient received chemotherapy consisting of cyclophosphamide, doxorubicin, and vincristine. Three patients had been included in previous studies evaluating the clinical role of p27
Kip1 expression and p53 gene mutations (10, 11) .
Specimen collection. For the current research project, the participating pathologist from our institution was asked to provide a representative formalin-fixed, paraffin-embedded tumor block from each patient. All tumor specimens were obtained at the time of surgery before adjuvant therapy. Paraffin blocks were stored at room temperature and were identified only by an identification number. An H&E-stained section of each tumor block was prepared and used for pathologic confirmation of the presence of BTA. Additional 4-Am sections were obtained for the immunohistochemical analysis.
Immunostaining for p-mTOR. Immunohistochemistry was done and evaluated in a single lab at the Department of Medicine I, Medical University of Vienna by means of a standard protocol.
Briefly, tissue sections were deparaffinized and rehydrated. To reduce nonspecific background staining due to endogenous peroxidase, slides were incubated in 0.3% H 2 O 2 for 10 min. For epitope retrieval, specimens were heated for 10 min in 10 mmol/L of citrate buffer (pH 6.0) in a pressure cooker. After incubation with Ultra V Block (UltraVision LP detection system, Lab Vision Corporation) for 7 min at room temperature to block background staining, the tissues were incubated overnight at 4jC with a rabbit monoclonal antibody specific for p-mTOR (Phospho-mTOR, Ser 2448 , 49F9; dilution 1:100; Cell Signaling Technology). This antibody detects mTOR only when phosphorylated at Ser 2448 . Antibody binding was detected by means of the UltraVision LP detection system according to the manufacturer's recommendations (Lab Vision Corporation). Color development was done with 3-3 ¶-diaminobenzidine and counterstained with hematoxylin. Sections of gallbladder cancer specimens known to express p-mTOR served as external positive controls and expression of p-mTOR in normal bile ducts was used as internal positive controls.
Expression of p-mTOR was examined by an investigator who was blinded to clinical data of the patients. At least 100 tumor cells per case were evaluated. Immunostaining was classified based on staining intensity and percentage of p-mTOR -positive tumor cells. Staining intensity was determined as 0 (absent), 1 (weak), and 2 (strong). For comparison with clinical variables and survival, expression levels of the biomarkers were semiquantified using an immunohistochemistry score (range, 0-200) calculated by multiplying staining intensity with the percentage of positive tumor cells. Patients with an immunohistochemistry score of V20 were considered as p-mTOR -negative and those with a score of >20 as p-mTOR -positive.
Statistical analyses. The primary end point of our study was overall survival. Disease-free survival was analyzed as a secondary end point. The 5-year overall survival rate of all 88 patients was 35%. We assumed a 5-year overall survival rate of 20% for p-mTOR -positive patients and 50% for p-mTOR -negative patients. The estimated power for 88 patients was 85% for detecting a 30% absolute survival difference at 5 years with a two-sided type I error of 5% (assuming that markerpositive and marker-negative patients were equally distributed). The sample size calculation was based on recently published results in breast cancer and cervical cancer (12, 13) .
To identify any selection bias, the baseline characteristics of patients with or without tumor blocks were compared using m 2 tests and the overall rates of survival were compared with the use of a Cox model. Baseline data according to p-mTOR status were compared in univariate analyses with the use of m 2 tests. Survival time was defined as the period between the time of surgery and death (overall survival) or the period between the time of surgery and relapse or tumor-related death (disease-free survival). Survival rates were estimated by means of the Kaplan-Meier method. Differences between survival curves were analyzed by means of a log-rank test. The independent prognostic value p-mTOR was studied with the use of a Cox model, which was adjusted for age (<65 or z65 years), gender, anatomic location (hilar cholangiocarcinoma, distal cholangiocarcinoma, intrahepatic cholangiocarcinoma, or gallbladder carcinoma), tumor stage (T 1 , T 2 , T 3 , or T 4 ), lymph node status (negative or positive), tumor grade (G 1 , G 2 , or G 3 ), and chemotherapy (yes or no). All reported P values are two-sided. All analyses were done with the use of SPSS software, version 12.0 (SPSS).
Results
Tumor blocks were available from 94 of the 101 patients with BTA. Among these 94 blocks, six contained no tumor material and were excluded from our study. The remaining 88 blocks were of sufficient amount and quality for sectioning. Expression of p-mTOR was evaluated in these 88 specimens and all further statistical analyses were done on this patient population. The 88 patients, and the remaining 13 who were excluded from the study, had similar baseline characteristics and overall rates of survival.
We assessed p-mTOR expression using standard immunohistochemistry. Immunostaining of p-mTOR was cytoplasmatic and partly membranous. Strong p-mTOR immunoreactivity was observed in normal bile duct epithelia (Fig. 1) . Staining intensity was absent in three specimens, weak in three tumor samples (two tumors with 10% p-mTOR -positive cells, one tumor with 70% p-mTOR -positive cells), and strong in 82 Figure 1 shows representative examples of p-mTOR immunostaining. Comparisons of p-mTOR expression with clinical variables including survival of the patients were done with p-mTOR expression as a continuous variable (immunohistochemistry score) and as a dichotomized variable classified as positive (immunohistochemistry score of >20) or negative (immunohistochemistry score of V20). Of the 88 tumors, 56 (64%) were p-mTOR -positive. Table 1 compares the characteristics of the patients according to p-mTOR expression in a univariate analysis. We observed no significant association between p-mTOR expression status and clinical and pathologic variables (Table 1) .
At a median follow-up of 5 years, 54 of 88 (61%) patients had died. More deaths occurred in patients with p-mTORpositive tumors than in patients with p-mTOR -negative tumors (42 versus 12; P = 0.001). In univariate survival analyses, only age [hazard ratio (HR) for death, 1.75; 95% confidence interval (CI), 1.02-2.99; P = 0.04] and p-mTOR (HR for death, 2.57; 95% CI, 1.35 to 4.89; P = 0.004) were significantly associated with overall survival ( Table 2 ). The median overall survival of all 88 patients was 2.8 years (95% CI, 1.6-4 years). Patients with p-mTOR -positive tumors had a significantly shorter overall survival than those with p-mTORnegative tumors (Table 2 ; Fig. 2A ). The median overall survival was 2 years for patients with p-mTOR -positive tumors, whereas it was 5.5 years for patients with p-mTOR -negative tumors (P = 0.004; Fig. 2A ). There was a statistically significant difference in overall survival between patients with 10% positive tumor cells and those with 20% positive tumor cells (HR for death, 4.02; 95% CI, 1.40-11.51; P = 0.01) but no difference was observed between patients with 50% to 60% positive tumor cells and those with 70% to 80% positive tumor cells (HR for death, 0.92; 95% CI, 0.41-2.07; P = 0.84). Diseasefree survival was also shorter in patients with p-mTOR -positive tumors than in patients with p-mTOR -negative tumors (HR for recurrence or death, 1.93; 95% CI, 1.10-3.39; P = 0.02; Fig. 2B ). Comparable results were obtained when p-mTOR expression was analyzed as a continuous variable (HR for death, 1.01; 95% CI, 1.00-1.02; P = 0.05, and HR for recurrence or death, 1.01; 95% CI, 1.00-1.02; P = 0.03, respectively).
The independent effect of p-mTOR expression on overall survival and disease-free survival was assessed by Cox proportional hazards regression models adjusted for age, gender, anatomic location, tumor stage, lymph node status, tumor grade, and chemotherapy (Table 3) . In these analyses, p-mTOR expression was significantly associated with overall survival (adjusted HR for death, 2.44; 95% CI, 1.24-4.80; P = 0.01) and disease-free survival (adjusted HR for recurrence or death, 1.94; 95% CI, 1.05-3.58; P = 0.04; Table 3 ). Thus, p-mTOR is an independent prognostic factor in patients with BTA.
Discussion
In our study, we showed that p-mTOR status is an independent prognostic factor in patients with BTA. Overall survival was significantly shorter in patients with p-mTOR -positive tumors than in patients with p-mTOR -negative tumors. Our finding is consistent with previous reports which showed a prognostic value of p-mTOR in breast cancer and cervical cancer (12, 13) . In breast cancer, 70% of the samples were p-mTOR -positive and patients with p-mTOR -positive tumors had a significantly shorter disease-free survival (P = 0.01). In cervical cancer, p-mTOR was detected in 52% of the patients and correlated significantly with both response to neoadjuvant cisplatin-based chemotherapy (P = 0.01) and shorter overall survival (P = 0.02). p-mTOR expression retained its significance as an independent poor prognostic marker in multivariate analyses (P = 0.02).
The phosphatidylinositol 3-kinase/AKT/mTOR signaling pathway is frequently altered in human cancers and represents an attractive target for anticancer therapy. mTOR is inhibited by rapamycin, an immunosuppressive agent that arrests cells in the G 1 phase of the cell cycle and induces apoptosis. Rapamycin (sirolimus) or its analogues CCI-779 (temsirolimus), RAD-001 (everolimus), and AP23573 are specific small molecule inhibitors of mTOR. They inhibit proliferation and induce apoptosis in cell lines derived from several human cancers including small cell lung cancer, prostate cancer, breast cancer, glioblastoma, osteosarcoma, pancreatic carcinoma, and renal cell carcinoma (14) . Rapamycin initially binds to the intracellular receptor FKBP-12 (FK 506-binding protein; ref. 15) . The rapamycin/FKBP-12 complex then binds with high affinity to mTOR, leading to dephosphorylation of both p70 ribosomal S6 kinase and 4E-BP1. This in turn leads to inhibition of mTOR signaling, translation initiation, and cell growth. In addition to the inhibition of p70 ribosomal S6 kinase and 4E-BP1, rapamycin also targets several components involved in cell cycle progression (16) . These data provide additional rationale to target the phosphatidylinositol 3-kinase/AKT/mTOR pathway for cancer therapy. The clinical relevance of mTOR inhibitors is currently under investigation in clinical trials. Several phase II studies evaluating the effects of temsirolimus in patients with renal cell carcinoma, mantle cell lymphoma, breast cancer, and glioblastoma have been completed (17 -20) .
A randomized phase II study in patients with advanced renal cell carcinoma showed that treatment with temsirolimus produced an objective response rate of 7% and minor responses in 26% of the patients (17) . In patients with recurrent glioblastoma, radiographic improvement was observed in 36% of the patients who were treated with temsirolimus. This improvement was associated with a significantly longer time to progression in patients who responded to temsirolimus treatment. Furthermore, a significant correlation was observed between radiographic improvement and high levels of phosphorylated p70 ribosomal S6 kinase in tumor samples (P = 0.04; ref. 18) . Heavily pretreated patients with locally advanced or metastatic breast cancer were randomly assigned to receive either 75 or 250 mg of temsirolimus given i.v. weekly. The overall partial response rate of 9.2% was similar for both dosages but the toxicity was decreased in patients who received the 75 mg dosage (19) . Patients with relapsed or refractory mantle cell lymphoma received 250 mg of temsirolimus i.v. every week as a single agent. The overall response rate was 38% (13 of 34 patients) with one complete response (3%) and 12 partial responses (35%). The median time to progression was 6.9 months in responders compared with 6.5 months in all patients (20) . Because of the favorable results in the phase II trials, phase III trials are in progress to evaluate the efficacy of temsirolimus for the treatment of renal cell carcinoma and locally advanced or metastatic breast cancer.
In conclusion, patients with p-mTOR -negative BTA have a significantly longer overall survival compared with patients with p-mTOR -positive BTA. Our finding suggests that patients with BTA may benefit from targeted therapy with mTOR inhibitors. If the clinical relevance of mTOR inhibitors in cancer patients is confirmed in future clinical trials and/or even the predictive value of the p-mTOR status can be shown, inhibition of mTOR may be evaluated as therapeutics in patients with BTA. 
